The RAG proteins initiate V(D)J recombination by mediating synapsis and cleavage of two different antigen receptor gene segments through interactions with their flanking recombination signal sequences (RSS). The protein-DNA complexes that support this process have mainly been studied using RAG-RSS complexes assembled using oligonucleotide substrates containing a single RSS that are paired in trans to promote synapsis. How closely these complexes model those formed on longer, more physiologically relevant substrates containing RSSs on the same DNA molecule (in cis) remains unclear. To address this issue, we characterized discrete core and full-length RAG protein complexes bound to RSSs paired in cis. We find these complexes support cleavage activity regulated by V(D)J recombination's '12/23 rule' and exhibit plasticity in RSS usage dependent on partner RSS composition. DNA footprinting studies suggest that the RAG proteins in these complexes mediate more extensive contact with sequences flanking the RSS than previously observed, some of which are enhanced by full-length RAG1, and associated with synapsis and efficient RSS cleavage. Finally, we demonstrate that the RAG1 C-terminus facilitates hairpin formation on long DNA substrates, and fulllength RAG1 promotes hairpin retention in the postcleavage RAG complex. These results provide new insights into the mechanism of physiological V(D)J recombination.
INTRODUCTION
The structural diversity in immunoglobulins (Igs) and T-cell receptors (TCRs) that enables antigen-specific recognition is generated by V(D)J recombination, a form of site-specific DNA rearrangement responsible for assembling Ig and TCR genes from variable (V), diversity (D) and joining (J) gene segments during lymphocyte development (1) . Each gene segment is flanked by a recombination signal sequence (RSS) that contains a conserved heptamer (consensus: 5 0 -CACAGTG-3 0 ) and nonamer (consensus: 5 0 -ACAAAAACC-3 0 ) motif separated by either 12 or 23 bp of intervening spacer DNA (12-or 23-RSS, respectively). Two lymphoid cell-specific proteins, called RAG1 and RAG2 (recombination activating genes-1 and -2), initiate V(D)J recombination by preferentially assembling a synaptic complex with a 12-RSS and a 23-RSS adjoining two different gene segments (the '12/23 rule') and coordinately introducing a DNA double-strand break (DSB) at each RSS through a nick-hairpin mechanism, producing two blunt signal ends, and two covalently sealed (hairpin) coding ends (2, 3) . Pairs of signal ends and coding ends are subsequently processed and joined through the nonhomologous end-joining (NHEJ) repair pathway to create signal joints and coding joints, respectively (4, 5) .
Determining how the RAG proteins recognize the RSS and assemble a 12-RSS and a 23-RSS into a cleavage-competent synaptic complex is necessary to understand how the RAG proteins achieve site-specific and coordinated introduction of DNA DSBs and avoid illegitimate cleavage events that can lead to potentially oncogenic chromosomal rearrangements. To investigate these issues, we and others have examined RAG complexes bound to a single RSS or an RSS pair, and characterized the assembly, composition, organization, activity, and patterns of protein-DNA contacts in these complexes (6) . In most cases, the RAG-RSS complexes characterized in these studies have been assembled using truncated, catalytically active 'core' forms of RAG1 and RAG2 and short oligonucleotide substrates (typically <70 bp) containing a single RSS, two of which can be paired in trans (as the RSSs are on separate DNA molecules) to form RAG synaptic complexes. This is unlike the in vivo situation in which RSSs undergoing rearrangement are typically found on the same DNA molecule (in cis).
Forming RAG synaptic complexes on longer, more physiologically relevant RSS substrates in vitro presents certain challenges compared with oligonucleotide substrates. One challenge in long substrates is that the RAG proteins must contend with more nonspecific DNA flanking the RSSs, which may pose a significant barrier to synapsis due to charge repulsion of the flanking DNA sequence. In support of this possibility, Huye and Roth (7) demonstrated that the efficiency of RAGmediated in vitro 12/23-regulated RSS cleavage in trans exhibits a length dependence: whereas short oligonucleotide substrates are cleaved efficiently, longer substrates (700-1000 bp) with more DNA flanking the RSS are not. This defect can be overcome by pairing the RSSs in cis to increase the local concentration of a complementary RSS. However, this solution introduces another challenge because the two RSSs must be sufficiently far apart to enable facile synapsis, as previous studies have documented that coupled RSS cleavage and V(D)J recombination efficiency is sensitive to intersignal distance (8, 9) . These studies, taken together, suggest that the requirements for RAG-mediated synapsis and cleavage of physiological RSS substrates are not necessarily reflected in the behavior of oligonucleotide substrates typically used to study RAG-RSS complexes. Understanding the basis of these differences would, in part, require being able to directly visualize and characterize discrete RAG complexes assembled on long DNA substrates containing RSSs paired in cis, which to our knowledge has not been described.
Toward this end, we describe here the detection and analysis of discrete RAG-RSS complexes assembled using purified core and full-length RAG1/2 and HMGB1 proteins and long ($500 bp) substrates containing an unpaired 12-RSS or appropriately paired (12/23) or mispaired (12/12 or 23/23) RSSs in cis. The RAG proteins in these complexes support DNA cleavage regulated by the 12/23 rule, and exhibit plasticity of RSS utilization that depends on partner RSS composition. Methylation interference footprinting of precleavage RAG-RSS complexes reveals subtle differences in RSS recognition by the core and full-length RAG proteins, and provides evidence that full-length RAG1 is more effective at stabilizing structural distortions in the RSS substrate than core RAG1. Pre-and post-cleavage RAG-RSS complexes probed by direct in-gel footprinting using 1,10-phenanthroline copper (CuOP) show evidence of RAG-induced structural distortions within the RSS as well as in regions outside the RSS, both in the coding flank and in intersignal sequence distal to the RSS nonamer. Interestingly, a previously identified joining-deficient RAG1 mutant (K980A) is found to exhibit a much greater defect in mediating hairpin formation on long DNA substrates containing RSSs paired in cis than is observed using oligonucleotide substrates paired in trans, possibly attributed to a failure to induce structural alterations distal to the RSS nonamer in long DNA substrates. Finally, full-length RAG1 is shown to promote coding end retention in a postcleavage RAG-RSS complex. The implications of these results are discussed.
MATERIALS AND METHODS

DNA constructs
Expression constructs encoding maltose binding protein (MBP) fused to murine wild-type (WT) or D600A core or full length RAG1 (WT or D600A cMR1 and FLMR1) and WT core or full-length RAG2 (cMR2 and FLMR2), or human polyhistidine-tagged full-length HMGB1 have been described previously (10) . A mammalian expression construct encoding K980A FLMR1 was generated by recombination PCR as described in Supplementary Material.
Protein expression and purification
WT or mutant cMR1 or FLMR1 were co-expressed with cMR2 or FLMR2 in various combinations (see text) in HEK 293 cells as described previously (10) , with minor modifications. In this study, 293 cells were plated in 150 Â 25 mm cell culture dishes; five dishes were used to purify cMR1/cMR2 and cMR1/FLMR2 and eight dishes were used to purify FLM1/cMR2. Each dish was transfected with RAG expression constructs (30 mg/plate; 1:1 ratio cMR1:cMR2 or cMR1:FLMR2 and 3:2 ratio FLMR1:cMR2) using PEI (30 mg/ml) as described (10) . Cells were harvested in cold PBS-EDTA 48 h posttransfection and proteins were purified immediately using the 'mild' purification protocol we recently described (11) . HMGB1 was expressed and purified as described previously (10).
Oligonucleotide and PCR-generated RSS substrates
Oligonucleotide probes containing a consensus 12-or 23-RSS radiolabeled at the 5 0 -end were prepared as described (10) . A substrate containing the 12-RSS sequence present in pJH299 (12RSSJH299) was similarly prepared by annealing the oligonucleotide 5 0 -GGGCTGG CAGGTCGACCACAGTGCTACGACTGGAACAAA AACCCTGACG-3 0 to its complement (heptamer and nonamer sequences are underlined). Long ($500 bp) DNA substrates radiolabeled at the 5 0 -end of the top or bottom strand and containing a single 12-RSS (12 only) or a pair of RSSs in cis (12/23, 12/12 or 23/23) in the same orientation separated by $250 bp were generated by PCR as described in Supplemental Material from the pJH299 plasmid V(D)J recombination substrate and its derivatives described elsewhere (12) . For methylation interference footprinting experiments, PCR-generated substrates were modified with dimethylsulfate (DMS) and purified by agarose gel electrophoresis as described in Supplementary Material.
Electrophoretic mobility shift assay
Binding reactions to form RAG synaptic complexes on oligonucleotide substrates were assembled as previously described, except reactions were incubated on ice for 10 min (10) . To assemble RAG complexes on PCRgenerated RSS substrates, the RAG proteins (300 ng) were incubated with the radiolabeled DNA substrate (270 ng) in binding buffer (25 mM MOPS-KOH, 60 mM potassium acetate, 5 mM MgCl 2 , 10% DMSO and 100 ng/ml BSA; 10 ml final volume) for 10 min on ice. Single-stranded salmon sperm DNA (ssDNA; 360 ng, 200 ng and 5.5 ng for reactions containing cMR1/cMR2, cMR1/FLMR2, and FLMR1/cMR2, respectively) was then added to the reaction mixture, incubated for an additional 15 min on ice, and then the binding reactions were fractionated by electromobility shift assay (EMSA) as previously described (10) . The amount of ssDNA added to the reaction was determined empirically to enable detection of a discrete protein-DNA complex with a low background of nonspecific DNA binding.
In vitro and in-gel cleavage assays
In vitro cleavage assays to analyze the accumulation of nick and hairpin products formed over time using oligonucleotide or PCR-generated substrates were performed according to published procedures (12) . The cleavage activity of discrete RAG-RSS complexes assembled on PCR-generated substrates and separated by EMSA was analyzed using an in-gel cleavage assay described in detail previously (10) . Reaction products were fractionated on an 8% polyacrylamide (19:1 acrylamide/methylene(bis)acrylamide) sequencing gel (containing 7 M urea) for 2h at 2500 V and analyzed using a Storm860 PhosphorImager running the ImageQuaNT software.
Methylation interference and in-gel CuOP footprinting
RAG binding reactions were assembled using DMS-treated or unmodified PCR-generated RSS substrates and protein-DNA complexes were fractionated by EMSA as described above. Precleavage RAG-RSS complexes assembled on unmodified DNA were subjected to direct in-gel CuOP footprinting following established protocols (13) . To probe postcleavage RAG-RSS complexes with CuOP, precleavage RAG-RSS complexes were first fractionated by EMSA, and then the complexes were subjected to in-gel cleavage as described above. The resulting postcleavage RAG-RSS complexes were immediately probed by in-gel CuOP footprinting. Bound DNA was electrophoretically transferred to DEAE membrane and recovered as previously described (10) . DMS-treated DNA was cleaved at methylated residues by incubation with 10% piperidine at 908C for 30 min. Reaction products from piperidine-or CuOP-treated DNA were normalized and fractionated on a sequencing gel and analyzed as described above, except that sequencing gels used to separate DNA isolated from postcleavage complexes probed with CuOP additionally contained 40% formamide. Dried gels were scanned using a Storm860 PhosphorImager and line graphs were generated and analyzed using the ImageQuaNT software. Peaks were identified from the line graphs and peak areas were compared between free and bound DNA. In some cases, due to sample loading differences (despite attempts at normalization) that caused all bands in a given lane to appear underrepresented, peaks of interest were alternatively compared to an internal reference peak outside the RSS which displayed a similar abundance and distribution relative to nearby peaks in both bound and free DNA. Peaks showing >2-fold differences in these comparisons were denoted. Due to space constraints, line graphs are provided in Supplementary Material.
Postcleavage hairpin retention assay
Binding reactions containing PCR-generated RSS substrates were assembled as described above, incubated for 10 min at 378C, placed on ice for 2 min, and protein-DNA complexes were immediately fractionated by EMSA. Bound DNA was recovered and analyzed as described for the in-gel cleavage assay.
RESULTS
Design and preparation of RAG proteins and RSS substrates
To determine if and how noncore portions of RAG1 and RAG2 influence the assembly and activity of RAG-RSS complexes formed on DNA substrates containing RSSs paired in cis, we prepared three different combinations of core and full-length RAG1 and RAG2 proteins (cMR1/cMR2, cMR1/FLMR2 or FLMR1/cMR2, respectively) using a mild purification protocol (11) . Both wildtype proteins and their catalytically inactive counterparts were prepared (WT and D600A RAG1, respectively); all preparations show comparable yields (Supplementary Figure S1A) .
Long RSS substrates used in this study were amplified by PCR from a plasmid V(D)J recombination substrate, called pJH299 (14) that contains a complementary pair of RSSs (12/23), or its derivatives generated previously (12-only, 12/12 and 23/23) (12) . In these plasmids, the RSSs are arranged in the same orientation. PCR-generated substrates were radiolabeled at the 5 0 -end using a 32 Plabeled forward or reverse primer and are $500 bp long, containing RSS pairs separated by $250 bp with 100 bp of DNA flanking each RSS at the ends of the fragment ( Figure 1A ). We felt that including additional flanking DNA might be important for supporting long-range protein-DNA interactions that could help stabilize RAG complexes assembled on these long RSS substrates. We also felt that positioning the RSS pairs in the same orientation held certain advantages over substrates containing the RSSs in opposite orientations because this configuration enables us to examine nicking activity at each RSS on the top strand and also examine protein-DNA contacts at both coding ends and signal ends in the same substrate.
Discrete RAG-RSS complexes assembled on substrates containing RSSs paired in cis support 12/23-regulated cleavage in vitro
We first determined whether discrete RAG-RSS complexes assembled with PCR-generated RSS substrates could be detected by EMSA. In preliminary experiments, we found that RAG-RSS complexes assembled in the absence of competitor DNA failed to enter the gel matrix, but adding ssDNA after first incubating the RAG proteins with the radiolabeled substrate enabled discrete RAG-RSS complexes to be visualized by EMSA (data not shown). Under these conditions, we find that all three RAG protein preparations assemble discrete 2+ and HMGB1 to promote synapsis, and protein-DNA complexes were fractionated by EMSA. Paired complexes (PC) and RAG-RSS complexes formed with oligo and PCR-generated substrates are indicated at left and right, respectively. (C) Discrete RAG-RSS complexes were subjected to an in-gel cleavage assay. Recovered reaction products were fractionated by denaturing gel electrophoresis and the percentage of appropriately sited nicks at the proximal or distal RSS (%proximal N and %distal N), hairpins at the proximal RSS (%proximal HP), and alternative cleavage products (%Alt clv, position denoted by asterisk) are shown below the gel. Sizing markers shown in (A) and a gel-isolated 100 bp hairpin product (see Supplementary Figure S1 ) were run in parallel and are indicated at left; alternative reaction products are indicated by an asterisk and identified at right (see Supplementary Figure S1 ).
protein-DNA complexes on all three substrates analyzed; the abundance of these complexes for a given RAG preparation is similar among tested substrates ( Figure 1B) . Notably, the RAG-RSS complexes formed with cMR1/ cMR2, cMR1/FLMR2 and FLMR1/cMR2 exhibit progressively slower mobility by EMSA; all three sets of protein-DNA complexes migrate more slowly than their counterparts assembled on oligonucleotide RSS substrates ( Figure 1B ). We also notice that the abundance of cMR1/ FLMR2 complexes formed on paired RSS substrates is consistently lower than counterparts assembled with cMR1/cMR2 and FLMR1/cMR2 for reasons that remain unclear.
We next used an in-gel cleavage assay to determine whether these RAG-RSS complexes support nicking and hairpin formation on substrate DNA. In these assays, a marker for hairpin formation at the proximal RSS and approximate markers for nicking at the proximal or distal RSS were run in parallel ( Figure 1A ; Supplementary Figure S1B and C). On the 12/23 substrate, we find that all WT RAG-RSS complexes, but not a D600A cMR1/ cMR2 complex, support site-specific nicking and hairpin formation at the proximal 12-RSS, and lower levels of nicking at the distal 23-RSS, with little or no aberrant cleavage activity detected ( Figure 1C ). Complexes containing core or full-length RAG1 were comparably active in this assay, but complexes containing full-length RAG2 were routinely 2-to 4-fold less active for reasons that remain to be determined. Importantly, we observed that hairpin formation at the proximal 12-RSS is much greater when a 23-RSS is paired in cis compared to substrates in which the partner RSS is absent or contains a 12 bp spacer ($7-to !20-fold difference, depending on the RAG preparation being compared), suggesting that cleavage is regulated by the 12/23 rule. Hence, a significant fraction of precleavage RAG complexes assembled on the 12/23 substrate must be bound to both RSSs. However, determining the fraction of RAG complexes bound to one or both RSSs is inherently complicated when the RSSs are positioned in cis, because if the complement of RAG proteins is the same in both complexes, as has been previously suggested (15, 16) , the mobilities of the two types of complexes may be indistinguishable by EMSA. Indeed, the data in Figure 1B support this contention. On the other hand, extrapolating the abundance of synaptic complexes based on the level of hairpin formation observed after the in-gel cleavage reaction is also problematic because precleavage synaptic complexes may fail to complete both cleavage steps, either because the reaction is slow in vitro or because a fraction of the complexes dissociate during the course of the reaction. Thus, although analysis of the cleavage data would suggests that $6-18% of RAG-RSS complexes assembled on the 12/23 substrate are synaptic, we consider it likely that this value underestimates the fraction of precleavage synaptic complexes actually present in the complexes visualized by EMSA in Figure 1B .
Interestingly, we note that in complexes assembled on mispaired RSS substrates, alternative reaction products are observed at the proximal RSS. For example, on the 12/12 substrate, cleavage at the 3 0 -end of the heptamer is detected ( Figure 1C , and Supplementary Figure S1C-D). This product is not detected when the distal 12-RSS is removed (12-only, Figure 1C ). On the 23/23 substrate, aberrant nicking of the proximal 23-RSS in the 5 0 -end of the spacer is observed ( Figure 1C ). The nicked site is located about 17 nt from the 23-RSS nonamer (Supplementary Figure S1D) , which is close to the position expected if the sequence is nicked as a 12-RSS. These results, taken together, suggest that how the RAG proteins perceive and cleave a given RSS is influenced by the composition of the partner RSS.
RAG-RSS complexes containing full-length RAG1 exhibit less sensitivity to substrate methylation than complexes containing core RAG1
Having demonstrated that the RAG-RSS complexes visualized by EMSA support cleavage activity at one RSS that is regulated by the composition of its partner, we were interested in investigating the protein-DNA contacts in these complexes. Although we acknowledge the likelihood that the complexes being analyzed are not homogeneous with respect to RSS occupancy, we felt that such an investigation would reveal important new insights into how long DNA substrates are recognized by the RAG proteins, and that by comparing patterns of protein-DNA contacts between substrates containing appropriately paired or mispaired RSSs and between core and full-length RAG proteins, we could identify interactions at one RSS that are influenced by RSS partner composition or by the presence of noncore portions of the RAG proteins. However, because the yield of RAG-RSS complexes assembled with cMR1/FLMR2 was low, we focused on analyzing and comparing protein-DNA contacts in complexes assembled with WT or D600A cMR1/cMR2 and FLMR1/cMR2. Initially, we probed the complexes using methylation interference footprinting because previous studies of RAG-RSS complexes assembled using core RAG proteins and oligonucleotide substrates demonstrate that RAG binding is inhibited by methylation of certain G residues in the consensus RSS, including the 7th residue of the heptamer (top strand) and the 2nd residue of the nonamer (bottom strand) (6). For the studies described here, RAG-RSS complexes were assembled in the presence of Mg 2+ to support 12/23-regulated synapsis, but incubated on ice to prevent RSS cleavage. Methylation interference footprinting of D600A and WT cMR1/cMR2 complexes assembled on the 12/23 substrate labeled on the top or bottom strand reveals that the same G residues are important for stable complex formation ( Figure 2A RSS structural distortions and coding flank contacts in RAG-RSS precleavage complexes are modulated by active site status and the N-terminus of RAG1
To complement methylation interference footprinting assays discussed above, RAG-RSS complexes assembled on paired RSS substrates were probed directly by in-gel CuOP footprinting. We find that inactive D600A cMR1/ cMR2 complexes assembled on 12/23 and 12/12 substrates exhibit CuOP hypersensitivity in the 12-RSS spacer region on the top strand ( Figure 3A and Supplementary Figure S3A Figure 3A and Supplementary Figure S3A) . Curiously, however, in all RAG complexes analyzed, we observe a distinctive shift of CuOP reactive sites in the coding flank on the top strand relative to free DNA, spanning a region from about À18 to À31 ( Figure 3A and Supplementary Figure S3A) . The degree of shifting differs slightly based on the composition of the RAG proteins, but is consistent among the substrates tested. No comparable shift is observed on the bottom strand ( Figure 3B ), although substrate length may preclude observation of this subtle effect. However, patterns of bottom strand protection and hypersensitivity are detected in these complexes: protection is observed in the spacer region ( Figure 3B and Supplementary Figure S3B ; +11, +18, +19, +29, +30 in the 23 RSS; +8 and +18 in the 12-RSS) and hypersensitivity is observed in the heptamer region ( Figure 3B and Supplementary Figure S3B ; +2, +3 and +6 in the 23-RSS, and +2 and +3 in the 12-RSS) and the spacer ( Figure 3B and Supplementary Figure S3B ; +13 and +14 in both the 12-and 23-RSS).
RAG-mediated RSS cleavage is accompanied by 12/23-regulated distortion of the intersignal sequence
We were interested in determining how core and full-length RAG proteins interact with DNA in the postcleavage RAG-RSS complex. To address this issue, precleavage D600A and WT cMR1/cMR2 and FLMR1/ cMR2 complexes assembled on 12/23, 12/12 and 23/23 substrates were subjected to in-gel cleavage after EMSA, and then the resulting RAG postcleavage RAG-RSS complexes were immediately probed by in-gel CuOP footprinting ( Figure 4 and Supplementary Figure S4) . Unexpectedly, D600A cMR1/cMR2 complexes showed little evidence of RSS spacer hypersensitivity in the 12-RSS and less protection of the 23-RSS compared to the same complexes probed immediately after EMSA (e.g. compare . We speculated that complexes formed with D600A cMR1/ cMR2 are unstable to prolonged incubation at 378C. Consistent with this hypothesis, we find that D600A cMR1/cMR1 complexes incubated at 378C for 1 h and fractionated by EMSA are present in much lower yield than their counterparts assembled following the standard procedure (Supplementary Figure S5 , compare lanes 2-4 to lanes 5-7).
As expected from data in Figure 1 , DNA recovered from WT but not D600A RAG-RSS complexes shows substantial substrate nicking on the top strand ( Figure 4A ) and cleavage of the bottom strand ( Figure 4B ), precluding analysis of protection beyond these breakpoints. Interestingly, postcleavage complexes were incubated with the indicated RAG preparations. Protein-DNA complexes were separated by EMSA, subjected to in-gel CuOP footprinting, and reaction products recovered from bound and free DNA were fractionated on a sequencing gel along with sizing markers described in Figures 1 and 2 and a 'G' ladder. Results are displayed as in Figure 2 ; note the shift in the position of reaction products in the coding flank, indicated by a vertical line at right. Internal reference positions on the top and bottom strand are also shown (À36 and +60, respectively). WT cMR1/cMR2 − − D600A cMR1/cMR2 (A and B) RAG-RSS complexes assembled and fractionated by EMSA were subjected to in-gel cleavage as in Figure 1 and the resulting postcleavage RAG-RSS complexes were immediately probed by in-gel CuOP footprinting as in Figure 3A and B. Subsequent sample processing and data display are as described in Figure 3 , except that sequencing gels contained 40% formamide to denature the hairpin product. Note hypersensitivity at positions +40,+41 and +65 in the top strand (arrows, at right) in WT RAG complexes assembled on 12/23 substrates, but not 12/12 and 23/23 substrates.
probed by CuOP show a more restricted region of shifted CuOP sensitivity on the top strand (À24 to À26) compared to precleavage complexes; protection of the À14 position is also not clearly evident ( Figure 4A and Supplementary Figure S4A) . One other notable difference is that in 12/23 WT RAG postcleavage complexes, particularly those containing FLMR1, CuOP hypersensitivity is observed well into the intersignal sequence, distal to the nonamer on the top strand ( Figure 4A ; 12/23 TOP, lanes 6 and 7; positions +40, +41 and +65). Hypersensitivity at these sites has three important features: first, it is regulated by the 12/23 rule because hypersensitivity is not detected in comparable complexes assembled on 12/12 and 23/23 substrates; second, it occurs before nicking, because hypersensitivity at these sites could not be visualized on nicked substrates (since they are 3 0 of the heptamer); and third, it is 'activated' by incubation at 378C, since hypersensitivity at these sites is not observed in RAG-RSS complexes assembled at 48C and probed by CuOP immediately after EMSA (compare Figure 3A , lanes 7 and 8, to Figure 4A , lanes 6 and7 in 12/23 TOP). Although we considered the possibility that these sites represent targets of aberrant nicking by the RAG complex, three lines of evidence argue against this scenario: first, nicking at these sites is not detected in the in-gel cleavage assays shown in Figure 1C ; second, they do not occur at a sequence that contains an obvious target of RAG-mediated nicking (e.g. a 5
0 -CAC sequence); and third, cleavage at these sites is not evident in comparable complexes containing K980A RAG1, which supports 12-RSS nicking at levels comparable to WT RAG1 (see below).
On the bottom strand, the CuOP reactivity profile for a given WT RAG-RSS postcleavage complex is quite similar to its counterpart precleavage complex, except that hypersensitivity at the 5 0 -end of the 12-and 23-RSS heptamer (+2, +3) and the 23-RSS spacer (+13, +14) is not as evident in the postcleavage complex (compare these positions in Figures 3B and 4B) , suggesting CuOP hypersensitivity at these sites is relieved by substrate nicking.
Hairpin retention in RAG-RSS postcleavage complexes is promoted by the amino-terminus of RAG1
Previous studies suggest that after RSS synapsis and cleavage, the RAG proteins retain the coding ends, at least transiently, in a postcleavage synaptic complex or 'cleaved signal complex' (CSC) (18) (19) (20) . Since those studies relied on core RAG1 proteins for experimental analysis, we wondered whether full-length RAG1 might be more efficient than core RAG1 in retaining coding ends in a postcleavage RAG-RSS complex. To test this possibility, RAG-RSS complexes were assembled on ice on a 12/23 substrate using WT cMR1/cMR2 and WT and D600A FLMR1/cMR2, and incubated for 10 min at 378C to initiate cleavage. An aliquot of this reaction was retained as 'input DNA' and the remaining sample was fractionated by EMSA. Bound DNA was isolated and analyzed for the ratio of nicks and hairpin products compared to input DNA. If nicked and hairpin DNA are retained equivalently in the postcleavage complex, this ratio should remain the same between input DNA and DNA isolated from the CSC. As an additional control, we tested a FLMR1/cMR2 preparation containing a K980A RAG1 mutation reported previously to impair coding joint formation (21) . We included this control based on a previous study suggesting that joining-deficient RAG1 mutants may exhibit less stable interactions with the RSS coding flank (22) . In testing the K980A FLMR1/cMR2 preparation in our in vitro RSS binding and cleavage assays, we found that, consistent with previous results (21), K980A FLMR1/cMR2 binds and cleaves an oligonucleotide substrate with a 'good' coding flank in vitro under conditions favoring synapsis at levels comparable to WT FLMR1/ cMR2 (Supplementary Figure S6) . When we analyzed the in vitro cleavage activity of the 12-RSS derived from pJH299, which contains a coding flank that is less permissive for cleavage (23, 24) , we find that under similar conditions, K980A FLMR1/cMR2 nicks the oligonucleotide substrate as efficiently as WT FLMR1/ cMR2, but exhibits a very modest ($1.5-fold) defect in hairpin formation ( Figure 5A and B) . Surprisingly, the level of impairment becomes much more severe ($8-to 10-fold) when the length of DNA flanking the 12-RSS is increased in the context of the 12/23 substrate ( Figure 5C and D). Despite this defect, we continued to include the K980A FLMR1/cMR2 preparation in our further experiments.
When the various CSCs ( Figure 6A ) were analyzed for the presence of DNA hairpin products, complexes containing FLMR1/cMR2 were found to retain about 7-to 10-fold more hairpin than complexes containing cMR1/ cMR2, despite the two RAG preparations supporting comparable levels of hairpin formation during the in vitro cleavage reaction ( Figure 6B , compare lanes 4 and 5 to lanes 9 and 10). Thus, these data suggest that full-length RAG1 facilitates retention of coding ends in the CSC. We note, however, that the retained hairpin product represents only a small fraction of total hairpin DNA produced during the in vitro cleavage reaction, most of which has dissociated from the CSC ( Figure 6A ). Attempts to analyze hairpin retention in CSCs assembled with K980A FLMR1/cMR2 were complicated by the low level of hairpin formation supported by this RAG1 mutant. Although nick-to-hairpin ratios between input DNA and DNA recovered from WT and K980A FLMR1/cMR2 complexes appears to be similar, the data do not allow us to unambiguously determine whether the K980A mutation specifically disrupts the ability of the RAG1 N-terminus to stabilize hairpin retention in the CSC.
A K980A RAG1 mutant exhibits defects in promoting RSS structural alterations correlated to productive hairpin formation Since K980A FLMR1/cMR2 does not exhibit an apparent deficiency in maintaining coding ends in the CSC, but rather fails to support efficient hairpin formation, we wondered whether this defect might be manifested by an altered pattern of protein-DNA contacts in CSCs assembled with K980A FLMR1/cMR2 compared to WT FLMR1/cMR2. To test this possibility, we compared the CuOP footprints of postcleavage RAG-RSS complexes assembled on all three paired RSS substrates with WT, D600A, or K980A FLMR1/cMR2 (Figure 7 and Supplementary Figure S7) . We find that the CuOP footprints of RAG-RSS complexes containing D600A FLMR1/cMR2 resemble those containing D600A cMR1/cMR2. WT and K980A FLMR1/cMR2 complexes show a similar pattern of coding end contacts; better resolution of reaction products near the cleavage site also reveals evidence of hypersensivity at the À3 and À4 positions ( Figure 7 and Supplementary Figure S7) . Strikingly, unlike WT FLMR1/cMR2 complexes, 12/23-regulated hypersensitivity in the intersignal sequence (+40, +41 and +65) is not detected in RAG-RSS complexes assembled with K980A FLMR1/cMR2 (Figure 7 , 12/23 TOP, compare lanes 6 and 7). Because both WT and K980A FLMR1/cMR2 complexes support comparable levels of nicking, hypersensitivity at these sites must not be required for catalyzing hydrolysis at the heptamer-coding junction. The implications of these findings are discussed further below.
DISCUSSION
Previous studies suggest that the requirements for RAGmediated synapsis and cleavage of oligonucleotide substrates commonly used in assays of RAG activity are not necessarily mirrored on longer, more physiological substrates containing RSSs paired in cis (7). To partly address this issue, we describe here the first direct detection and characterization of discrete RAG-RSS complexes containing various combinations of core and full-length RAG1 and RAG2 assembled on long PCRgenerated substrates containing RSSs positioned in cis. These results significantly extend previous work characterizing RAG-RSS complexes assembled on oligonucleotide substrates and reveal many novel features of RAG-RSS complex assembly and activity not observed using oligonucleotide substrates. Moreover, since the PCR-generated substrates used in our experiments have been amplified from a plasmid used to assay V(D)J recombination in cell culture, our results are meaningful for understanding how the RAG proteins mediate this process in vivo. Although beyond the scope of the present work, future comparative studies could be envisioned to characterize how RSS recognition by the RAG proteins is influenced by variations in the length or composition of the coding flank, the orientation or sequence of the RSS (e.g. endogenous RSS pairs), or intersignal distance.
Evidence for plasticity in RSS utilization by the RAG complex
We previously demonstrated that a derivative of the plasmid V(D)J recombination substrate pJH299 containing two 12-RSSs (12/12) in the same orientation in cis supports aberrant recombination in cell culture between the 3 0 -end of one 12-RSS heptamer and the 5 0 -end of the other 12-RSS heptamer (the 'proximal' and the 'distal' RSS, respectively, in the 12/12 substrate shown in Supplementary Figure S1 ) (12) . As a result, the intervening sequence is deleted, rather than being inverted as would be expected when the RSSs are complementary (12/23) . We speculated that this might be due to the presence of a cryptic nonamer sequence in the coding flank that enables the 'proximal' 12-RSS to be 'converted' to a heptamer provides additional experimental support for this idea, and further suggests that the way the RAG complex perceives a given RSS is somewhat flexible and dependent on the composition of the available partner RSS. Such plasticity would generally go undetected using oligonucleotide substrates, because the length of coding flank sequence present in such substrates is usually quite limited.
Comparison of RAG-mediated RSS recognition in oligonucleotide and long PCR-generated substrates RAG-RSS complexes assembled on oligonucleotide substrates have been subjected to extensive DNA footprint analysis using various chemical and enzymatic probes (6) . To facilitate analysis and comparison to earlier data, footprinting results from this study have been summarized in Figure 8 (12-RSS) and Supplementary Figure S8 (23-RSS). Methylation interference footprinting has been conducted here and in previous studies of RAG-RSS-HMGB1 complexes (25) , enabling the data to be directly compared. This is particularly instructive for the 12-RSS, because its sequence is identical in both the 12/23 substrate used here and in an oligonucleotide substrate used previously (25) . Inspection of the methylation interference patterns between the two substrates reveals similarities and subtle differences. For example, while methylation interference is detected in both substrates on the top strand in the heptamer (+7), methylation in the spacer at positions +17 and +18 is preferentially selected by the core RAG proteins in the 12/23 substrate, whereas methylation of these positions in an oligonucleotide 12-RSS substrate either does not affect RAG binding (+17) or interferes with binding (+18). That methylation interference is also detected on the bottom strand in the nonamer (+21) in both DNA substrates suggests that RAG-mediated recognition of the heptamer and nonamer elements involves well-defined base-specific contacts, whereas RAG interactions with the major groove in the 3 0 -end of the spacer region are more flexible and contextdependent, as one might expect from the lack of sequence conservation in this region (26) . In contrast, RAG contacts with the 5 0 -end of the spacer appear to more consistently involve base-specific interactions, as methylation interference is detected on the bottom strand at position +11 (G residue), as previously observed using an oligonucleotide substrate (25) , and on the top strand at position +10 (A residue). Both of these residues exhibit much higher levels of sequence conservation (62% and 58%, respectively) than residues at the 3 0 -end of the spacer (26) . Shifts in coding sequence sensitivity to CuOP in RAG-RSS complexes assembled here on paired RSS substrates were not previously detected in RAG complexes bound to oligonucleotide RSS substrates (27, 28) , possibly due to the . K980A RAG1 fails to support temperature-dependent structural distortions in a RAG-RSS complex. D600A, WT and K980A FLMR1/ cMR2 postcleavage RAG-RSS complexes were prepared and subjected to in-gel CuOP footprinting as in Figure 4A . Data are presented as in Figure 4A . Note the absence of CuOP hypersensitivity at positions +40, +41 and +65 in complexes containing K980A FLMR1 compared to WT FLMR1 (asterisk).
short-coding DNA sequence (16 bp) in the substrates used in those studies. CuOP is well known for its sensitivity for detecting subtle changes in minor groove configuration in DNA bound by proteins (29) . We speculate that RAG interactions near the cleavage site (possibly near position À14) propagate a structural distortion in the minor groove along the coding sequence, shifting the CuOP reactivity pattern toward the 5 0 -end of the DNA substrate. Substrate nicking and/or cleavage appears to partly relieve this distortion and restore the minor groove conformation, because postcleavage RAG-RSS complexes exhibit a more restricted shift in CuOP reactivity compared to precleavage RAG-RSS complexes (Figure 8 ). This outcome appears correlated with the loss of protection at position À14, suggesting that the RAG proteins loosen their hold on the coding flank after cleavage.
The RAG1 N-terminus stabilizes structural distortions in RAG-RSS complexes and promotes coding end retention in the postcleavage complex DNA footprinting experiments show that FLMR1/cMR2 exhibits less preference for binding intact paired RSS substrates methylated in the spacer region than cMR1/cMR2 (Figure 2) , and induces greater CuOP sensitivity of the nonamer and intersignal sequence (Figures 3 and 4) . These data suggest that, compared to core RAG1, fulllength RAG1 is more efficient at inducing and/or stabilizing structural distortions in the RSS. In addition, we find that CSCs containing full-length RAG1 retain more coding ends than those containing core RAG1. However, despite this increase, the association of the hairpin with the CSC remains quite labile in vitro, as the vast majority of coding ends dissociate after cleavage. It is possible that RAG association with other cellular DNA binding factors, such as modified histones (30, 31) or 53BP1 (32) , may further contribute to coding end retention in the CSC. Nevertheless, these results, taken together, may partly explain why full-length RAG1 supports more efficient cellular V(D)J recombination than core RAG1 (33, 34) .
A K980A RAG1 mutant exhibits a DNA length-dependent defect in hairpin formation associated with loss of intersignal 'activation-induced' CuOP hypersensitivity Because the N-terminus of RAG1 promotes coding end retention in the postcleavage complex, we wondered whether RAG1 mutations associated with defects in coding joint formation impair coding end retention. We tested a K980A RAG1 mutant based on a previous study showing that this mutant exhibits a defect in signal and coding joint formation, with the latter more impaired than the former (21) . Interestingly, this mutant was also shown to exhibit a mild cleavage defect on plasmid V(D)J recombination substrates in cell culture ( 10-fold relative to WT RAG1), but the basis for this defect remained unclear because purified WT and K980A RAG1 (as the core protein) supported in vitro cleavage of oligonucleotide substrates with almost comparable efficiency (21) . We have confirmed this finding (Supplementary Figure S6) , but show here that the K980A RAG1 mutant exhibits a striking DNA length-dependent defect in hairpin formation in an in vitro cleavage assay using the 12/23 substrate ( Figure 5 ). The $8-to 10-fold reduction in hairpin formation observed in our work is comparable to the 10-fold decrease in plasmid cleavage activity detected previously by ligation-mediated PCR (21) . These data clearly illustrate the differential requirements for RAG-mediated cleavage of RSS substrates of varying length, and specifically argue that coding flank length poses a constraint on hairpin formation that must be overcome by the RAG proteins. The C-terminus of RAG1 that includes Lys-980 has been shown previously to bind nonspecifically to DNA and interact with the coding flank of the RSS (35, 36) . The data presented here provides a plausible role for this interaction: namely, to orient a physiological coding flank into a position favorable for hairpin formation. This conformational change may be temperaturedependent and accompanied by structural distortions in the intersignal sequence, as CuOP hypersensitivity at positions +40, +41 and +65 is evident in 'activated' RAG complexes containing full-length WT RAG1, but not K980A RAG1 (Figure 7 ). It is noteworthy that these hypersensitive sites appear on nearly opposite sides of the DNA duplex ( Figure 8 ). It is tempting to speculate that hypersensitivity is caused by RAG-mediated bending of the intersignal sequence to facilitate synapsis and align the coding ends into a position favorable for hairpin formation.
Coding joints generated by K980A RAG1 are characterized by a high frequency of excessive deletions, short sequence homologies and abnormally long P nucleotide insertions, leading to speculation that the K980A mutation either causes coding ends to be prematurely released from the CSC, or impairs recruitment of NHEJ factors to the coding ends, rendering them more susceptible to extensive processing than normal and/or enabling them to be repaired by an alternative DNA end-joining pathway (21) . The first scenario seems unlikely because WT and K980A RAG1 retain a comparable fraction of coding ends in the CSC (after normalizing for differences in hairpin formation; Figure 6 ). If the second scenario is true, it is unlikely that Ku recruitment is specifically impaired, since WT and K980A FLMR1/cMR2 similarly support formation of a higher order precleavage RAG-RSS complex containing Ku70/Ku80 (11) (Supplementary Figure S6B) , although we cannot rule out the possibility that Ku transfer to the coding ends is less efficient with K980A RAG1. A plausible alternative, suggested previously based on the high frequency of long P nucleotides observed in coding joints formed with K980A RAG1 (21) , is that K980A RAG1 fails to efficiently recruit the Artemis/DNA-PKcs complex to the coding ends, rendering the ends accessible to hairpin opening by other mechanisms.
